Abstract-This review concerns the fullerene black, a poorly known nano-sized carbon material, the insoluble residue after extraction of fullerenes from fullerene soot obtained by arc vaporization of carbon material (usually graphite) in a helium atmosphere. This by-product of the production of fullerenes, whose yield reaches 80 wt %, is a finely dispersed material with a particle size of 40-50 nm. It includes amorphous carbon, graphitized particles, and graphite. Test reactions showed the presence in the structure of fullerene black of curved surfaces, and, like fullerenes, of alternating nonconjugated ordinary and double bonds. In addition to the double bonds, its structure includes dangling bonds in the concentration not higher than one per 1200 carbon atoms. Fullerene black absorbs oxygen from the atmosphere and water, and enters into the reactions of nucleophilic addition. The fullerene black cannot be graphitized, and its application is extremely important. The fullerene black was shown to activate hydrogen and thus to undergo a hydrogenolysis in the absence of a catalyst and to catalyze the dehydrogenation and dehydrocyclization of alkanes. This carbon nanomaterial can be used as a sorbent and a catalyst carrier, a tribotechnical additive; it can interact with carbide-forming metals and harden their surface.
The fullerene black is the insoluble residue after extraction of fullerenes from the product of electric arc or laser vaporization of carbon material (usually graphite). On the one hand, fullerene black is the main component of the product of vaporization, its yield exceeds 50% of the vaporized carbon. On the other hand, it is a by-product, a waste of fullerenes production. Many scientific publications and patent documents are focused on the fullerenes, their chemistry, physics, unusual properties and on their possible, often fantastic, applications, while the main product is marked as unnecessary, which, unfortunately, is un-avoidable. The fullerene black as an object of study is described only in a small number of articles. This review concerns the structure, chemical properties, and potential applications of fullerene black and is designed to draw attention to this relatively lowcost carbon nanomaterials.
Fullerene black is a black fine powder with low bulk density (0.03-0.05 g cm -3 ), specific surface 300 m 2 g -1 [Brunauer-Emmett-Teller (BET)/nitrogen method) and the particle size of 40-50 nm (Fig. 1) , which follows from the data of electron microscopy [1, 2] .
Fullerene black is not a homogeneous substance: it contains amorphous carbon, graphitized particles, and graphite. According to the elemental analysis, fullerene black contains 91-93 wt % of carbon, 1-2% of hydrogen, and 6-8% of oxygen. Hydrogen is contained in the form of difficultly removable water [1] . The surface layers of fullerene black, according to X-ray photoelectron spectroscopy (XPS), are enriched with oxygen and contain 91.0% of carbon and 8.8% of oxygen.
The presence of double bonds in the structure of fullerene black was shown by test reactions typical of alkenes [1] . Like alkenes, fullerene black is oxidized by neutral permanganate solution or potassium dichromate with the formation of hydroxy derivative. From the data on the potassium permanganate consumption (Wagner reaction), fullerene black contains one double bond per 3-5 carbon atoms (Fig. 2) , that is, basically alternation of ordinary and double bonds occurs [1] . Like alkenes, fullerene black can be brominated, but in contrast to the usually formed dibromoalkanes, the fullerene black bromoderivative is a brominating agent [1] .
At boiling with hypochlorous acid at 156ºC fullerene black loses up to 77% of its mass in 1 h but the composition of the products is not known. Graphite and graphitized particles do not interact with the neutral solution of potassium permanganate and bromine.
The double bonds in the structure of fullerene black, although they alternate with ordinary bonds, are not conjugated: fullerene black enters Diels-Alder reaction only with dienes, but not with dienophiles [4] . Probably, the lack of conjugated double bonds is a consequence of curvature of the fullerene black particles. The similarity of fullerenes with fullerene black was also confirmed by comparative measurements of the energy of C1s bonds in fullerene C 60 and fullerene black by XPS, which showed that fullerene black like fullerene C 60 is characterized basically by π-bonds with energy 284 eV. It was previously presumed that the fullerene black contains structures with curved graphene layers [2] , graphitized particles with planar benzoid rings, and graphite [5] . The fullerene black obtained by laser vaporization of graphite is more stable and is structurally ordered [6] . Vaporization of graphite in the presence of naphthalene leads to the fullerene black with higher content of graphite than in the absence of naphthalene [7] . The presence of nonconjugated double bonds is also confirmed by the lower conductivity of fullerene black compared with graphite (~0.03 against 3-5 Ω -1 cm -1 for the tablet, by four-contact method).
For the fullerene black, like fullerenes, the electrophilic addition reaction is not typical: it does not interact with such electrophilic reagents as hydrogen halides. The fullerene black, like fullerenes, is probably an electron-deficient alkene, and it enters into the reaction of nucleophilic addition that are not typical for ordinary alkenes. At heating fullerene black with aqueous solution of a base (sodium hydroxide or carbonate, or pyridine) is formed the hydroxy derivative [8] mentioned in our paper [1] . Fullerene C 60 interacts with sodium hydroxide in the presence of tetrabutylammonium hydroxide as a catalyst with the formation of polyhydroxy derivative [9] . Fullerene black at heating in air with ethanolamine forms a cyclic addition product [8] .
Reactivity of fullerene black depends on the conditions of the preparation of the parent fullerene soot. We have developed [10, 11] the optimal conditions for obtaining a more active fullerene black, not containing graphite and graphitized particles. Diffractograms of the fullerene black samples obtained from fullerene soot synthesized at different interelectrode distances (Fig. 3) illustrate the absence of graphite and graphitized particles in the fullerene black obtained in the conditions described in [10, 11] . The vaporization of graphite in direct current arc under optimum conditions (helium pressure ≥500 Torr, the interelectrode distance ≥7 mm) yields 8.3% of fullerenes and 81.0% of fullerene black; the cathode deposit is no more than 10% of the evaporated carbon. The fullerene black obtained from such fullerene soot contains no graphite and graphitized particles and includes amorphous carbon with a predominantly alternating single and double bonds. Effect of conditions of the electric arc evaporation of graphite on the content of fullerenes in the condensed products
